In Brief
Expressing the UPR ER transcription factor xbp-1s in the neurons or intestine of C. elegans extends lifespan. Imanikia et al. show that neuronal xbp-1s upregulates lysosomal genes and activates lysosomes in the intestine and that intestinal lysosome function is crucial for xbp-1s-mediated increases in proteostasis and longevity. 
INTRODUCTION
Aging is a process that occurs in a coordinated fashion throughout the body, leading to a susceptibility to deterioration and disease across tissues. The choreography of the aging process is achieved through inter-tissue signaling, often involving the nervous system. In C. elegans, mutations in genes that affect nervous system function can significantly increase longevity [1] . This effect is also observed in other species-in Drosophila melanogaster, sensory perception of food can alter lifespan in a similar way to consumption of that food, while, in mice, loss of the neuronal pain receptor TRPV1 creates animals that live substantially longer, with improved metabolic profiles [2, 3] . The ability of neurons to modulate aging is therefore a conserved phenomenon. However, it is not clear whether these neuronal signals converge upon the same core mechanisms in distal tissues. Understanding these mechanisms could allow them to be engaged directly in order to improve aging phenotypes and increase cellular health.
Recently, the transmission of cellular stress response activation has been identified as a mechanism utilized by the nervous system to increase longevity [4] . Stress responses are organellespecific pathways that connect the sensing of molecular damage and imbalances in homeostasis to mechanisms that restore equilibrium. They can be activated in distal tissues by signals secreted from neurons, typically leading to marked lifespan extension. One of these stress responses, the endoplasmic reticulum unfolded protein response (UPR ER ), is an adaptive signaling pathway that restores equilibrium within the secretory pathway. Its three branches are defined by their proximal sensor molecules, IRE1, PERK, and ATF6, which regulate downstream mechanisms that include both transcriptional and translational targets [5] . Activation of IRE1 leads to the regulated splicing and translation of the transcription factor XBP1. In C. elegans, expression of the spliced and active form of XBP-1, XBP-1s, in the nervous system triggers the release of an unidentified signal from neurons that activates this branch of the UPR ER in the animal's intestine [6] . This signaling extends lifespan and increases stress resistance, with signal release dependent upon UNC-13, a neuron-specific regulator of synaptic secretion. The effects of UPR ER activation are tissue specific-activation in the intestine, either directly or through neuronal signaling, is beneficial, while expression of XBP-1s in body wall muscle cells is detrimental to longevity. While the downstream targets and mechanisms invoked in distal tissues by XBP-1s to achieve changes in longevity are unknown, it is possible that tissue-specific differences in these XBP-1s targets lead to differing effects on lifespan.
One hallmark of aging is a loss of cellular homeostasis, particularly protein homeostasis (proteostasis) [7] [8] [9] . Loss of proteostasis underlies the onset of many diseases of aging, including neurodegenerative diseases, which are often caused by ageassociated accumulation of toxic, aggregated proteins. Improving cellular proteostasis extends lifespan, and neurons are able to enhance proteostasis in distal tissues [10] [11] [12] . As stress responses can trigger mechanisms that restore proteostasis, one function of the distal activation of these pathways by neurons might be to improve proteostasis in other tissues, counteracting the loss of equilibrium associated with aging and leading to increased longevity. (B) Chemotaxis ability in animals expressing Ab in neurons, with and without neuronal, intestinal, or muscle xbp-1s. Graphs represent mean chemotaxis index ± SD. N = 80-150 animals per assay; each assay was independently replicated 3 times. Significance was assessed by one-way ANOVA with Tukey's multiple comparisons test, *p < 0.05, ****p < 0.0001. (C) Chemotaxis ability in animals expressing polyQ 40 ::YFP in neurons, with and without neuronal, intestinal, or muscle xbp-1s. Graphs represent mean chemotaxis index ± SD. N = 80-150 animals per assay; each assay was independently replicated 3 times. Significance was assessed by one-way ANOVA with Tukey's multiple comparisons test, ****p < 0.0001. (D) Paralysis in dyn-1(ky51) animals at 20 C, with and without neuronal xbp-1s. Animals exhibiting body paralysis were counted daily and the paralyzed fraction of the population plotted against time. N = 100 worms per assay; each assay was repeated 3 times.
(E) Prevalence of osmoregulatory defects in let- 60(ga89) and wild-type animals, with and without rab-3p::xbp-1s. Animals were placed in distilled water at day 2 of adulthood, and a swollen body after 5 min was scored as osmoregulation defective (Osm). Data represent mean ± SD of 20-25 animals per strain in 3 independent replicates. Significance assessed by two-way ANOVA with Tukey's multiple comparison, ***p < 0.001, ****p < 0.0001.
(legend continued on next page) Here, we have explored the mechanisms by which neuronal XBP-1s extends lifespan in C. elegans. Speculating that improved proteostasis might underlie the beneficial effects of XBP-1s on longevity and stress resistance, we have established that neuronal and intestinal XBP-1s improve proteostasis in multiple tissues of the organism by increasing clearance of toxic proteins. To identify transcriptional targets that underlie these improvements in longevity and proteostasis, we conducted tissue-specific RNA sequencing (RNA-seq) analysis in the intestines of animals expressing neuronal XBP-1s and found a prominent upregulation of lysosomal genes. Intestinal lysosomes play a key role in the extension of longevity and improvements in proteostasis downstream of neuronal UPR ER activation, and in animals expressing neuronal XBP-1s lysosomal acidity is increased, indicating an increase in activity. This suggests that activation of lysosomes in the intestine is a key downstream mechanism by which neuronal XBP-1s improves lifespan and proteostasis.
RESULTS
To investigate the mechanisms by which XBP-1s might extend longevity, we started by asking whether its expression could improve proteostasis, either cell-autonomously or cell non-autonomously. To do this, we drove expression of spliced xbp-1s in different tissues of the worm (neurons, intestine, and body wall muscle cells, in animals expressing endogenous xbp-1) with models of proteotoxicity, in which aggregation-prone proteins are also expressed in different tissues of the animal ( Figure 1A ). Proteotoxicity was then assessed using physiological readouts of tissue function.
Neuronal and Intestinal xbp-1s Protects against Proteotoxicity in Neuronal and Intestinal Cells
Ab 1-42 is a proteotoxic peptide associated with the development of Alzheimer's disease. To determine whether xbp-1s affects phenotypes associated with proteotoxicity, pan-neuronal expression of Ab 1-42 , with a signal peptide directing it to the secretory pathway [13] , was combined with tissue-specific expression of xbp-1s in neuronal, intestinal, and body wall muscle cells, and the function of neurons measured by chemotaxis-movement of worms toward an attractive volatile odorant. Strikingly, expression of xbp-1s in either neurons or the intestine fully rescued the loss of chemotaxis caused by Ab 1-42 expression, while the effect of muscle cell xbp-1s expression was limited ( Figure 1B) .
To then ask whether neuronal or intestinal xbp-1s could also exert these protective effects against another toxic protein, tissue-specific xbp-1s was combined with pan-neuronal expression of polyglutamine (polyQ) expansions, associated with disorders including Huntington's disease and shown to be good sensors for protein folding homeostasis in the cytosol [8, 14] . Again, expression of xbp-1s in neuronal or intestinal, but not muscle cells, fully rescued animals from loss of neuronal function, demonstrating that this transcription factor can mitigate the effects of multiple proteotoxic species, including those directed to the secretory pathway as well as those expressed cytosolically ( Figure 1C ).
To determine whether xbp-1s can also improve phenotypes associated with the misfolding of endogenous proteins, we used C. elegans strains containing temperature-sensitive missense mutations. These metastable proteins are nonfunctional at 25 C but at lower temperatures show an accelerated age-associated loss of folding and function that correlates with age-related decline in endogenous stress responses [7, 15] . A metastable allele of dyn-1, encoding a dynamin GTPase, was examined, as well as a temperature-sensitive allele of let-60, encoding a Ras GTPase homolog. The effect of dyn-1(ky51) on motor neurons was measured by age-associated motor paralysis; in animals expressing xbp-1s in neurons, paralysis of dyn-1(ky51) animals was substantially delayed ( Figure 1D ). To determine the effect of let-60(ga89) on intestinal function, osmoregulatory capacity was assessed. Xbp-1s expression in neurons significantly decreased the percentage of animals showing defects in osmoregulation ( Figure 1E ). Neuronal xbp-1s therefore protects against dysfunction associated with endogenous metastable, as well as human disease-associated proteins, in neuronal and intestinal cells.
Neuronal and Intestinal xbp-1s Protects against Proteotoxicity in Muscle Cells
To determine the effects of xbp-1s on proteotoxicity in a tissue other than neurons or the intestine, Ab 1-42 (targeted to the secretory pathway) was expressed in body wall muscle cells [16] [17] [18] in combination with tissue-specific xbp-1s. Muscle function was then assayed by measuring body wall muscle paralysis with age. Surprisingly, although Ab 1-42 was expressed within muscle cells, xbp-1s delayed toxicity and paralysis when expressed in neurons and intestine, but not when expressed in muscle cells themselves ( Figure 1F ). Tissue-specific xbp-1s was then combined with cytosolic polyQ 35 expression, and muscle cell function measured by swimming rate at day 1 and day 4 of adulthood. Expression of polyQ 35 in muscles caused a significant decline in motility, which was rescued by xbp-1s expression in neurons or the intestine, but not in muscle cells ( Figure 1G ).
Finally, we examined the effect of neuronal xbp-1s expression on a temperature-sensitive metastable allele of the musclespecific gene unc-15, encoding paramyosin. Upon xbp-1s A B C D Figure 2 . Xbp-1s Expression Reduces Levels of PolyQ (A) Native western blot analysis of (i) neuronal polyQ 40 ::YFP, (ii) intestinal polyQ 40 ::YFP, and (iii) muscle polyQ 35 ::YFP with and without tissue-specific xbp-1s, at day 1 and day 4 of adulthood. Lysates were resolved under native conditions and blotted with an anti-polyQ antibody; the predicted MW of monomeric polyQ [35] [36] [37] [38] [39] [40] ::YFP is $32 kDa. Tubulin levels were probed with a-a-tubulin as a loading control. Blots were quantified using ImageJ (iv-vi). Bar graphs represent mean band intensity relative to day 1 polyQ ± SD and statistical significance was calculated between A and B/C at each time point using two-way ANOVA with Tukey's multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are representative of at least 3 independent experiments. (B) (i) Epifluorescence visualization of neuronal polyQ 40 ::YFP, with and without neuronal and intestinal xbp-1s, at day 1 and day 4 of adulthood. Enlarged panels are from day 4 animals. Scale bar, 250 mm. (ii) Fluorescence intensity of neuronal polyQ 40 ::YFP quantified from 3 independent experiments using ImageJ and expressed as mean fluorescence intensity relative to day 1 polyQ 40 ± SEM. N = 25-30 animals. Significance was assessed between A and B/C at each time point using two-way ANOVA with Tukey's multiple comparisons test, *p < 0.05, ****p < 0.0001.
(legend continued on next page) expression, age-associated paralysis caused by unc- 15(1402) was substantially delayed ( Figure 1H ). In addition, muscle fiber disorganization in unc- 15(1402) animals at day 5 of adulthood was largely rescued by neuronal xbp-1s ( Figure 1I ). Together, these results suggest that xbp-1s in neurons or the intestine exerts a protective effect against proteotoxicity, even when the toxic species is expressed in an entirely different tissue.
Expression of xbp-1s Reduces the Accumulation of Misfolded Proteins
To determine whether xbp-1s exerts its beneficial effects on proteotoxicity through changes in levels of toxic proteins, we co-expressed neuronal or intestinal xbp-1s with Ab 1-42 in neurons or muscle cells. When Ab 1-42 was expressed in neurons, xbp-1s in neuronal or intestinal cells marginally reduced levels of Ab 1-42 at day 4 of adulthood (Figures S1Ai and S1Aiii). Upon expression of Ab 1-42 in muscle cells, however, neuronal and intestinal xbp-1s strikingly reduced Ab 1-42 levels at both day 1 and day 4 (Figures S1Aii and S1Aiv). Notably, multiple species likely to correspond to soluble oligomers of Ab 1-42 , and associated with Ab 1-42 toxicity, were substantially reduced by xbp-1s expression.
We then used native PAGE of YFP-tagged polyQ expansions co-expressed with tissue-specific xbp-1s to assess polyQ::YFP levels. This revealed that polyQ::YFP expressed in neuronal or intestinal [19] cells was substantially reduced by expression of xbp-1s in neurons or the intestine (Figures 2Ai, 2Aii , 2Aiv, 2Av, S1Bi, S1Bii, S1Biv, and S1Bv). Muscle-specific polyQ 35 ::YFP levels were reduced by expression of neuronal xbp-1s, and to a lesser extent by xbp-1s in muscle cells (Figures 2Aiii, 2Avi , S1Biii, and S1Bvi). We also analyzed polyQ::YFP under denaturing conditions and found that total polyQ levels were reduced by xbp-1s, although less strikingly than when assessed by native PAGE (and in muscle-specific polyQ 35 , not at all at day 4) (Figure S1C). Denaturing conditions can resolve both soluble and other forms of polyQ, including insoluble aggregated species, whereas native analysis only resolves soluble proteins; one possibility is that xbp-1s preferentially reduces levels of soluble, lower-molecular-weight polyQ, rather than aggregated forms.
Tissue-specific polyQ::YFP was then visualized by microscopy at days 1 and 4 of adulthood, with and without tissue-specific xbp-1s. Neuronal polyQ 40 ::YFP fluorescence intensity increased between day 1 and day 4 but was reduced at both ages by neuronal or intestinal xbp-1s expression, especially by day 4 (Figures 2Bi and 2Bii ). Numbers of neuronal polyQ 40 ::YFP aggregates were also reduced by neuronal or intestinal xbp-1s ( Figure 2Biii ). Intestinal polyQ 40 ::YFP fluorescence also increased with age, although aggregation was not observed, and was very substantially decreased by neuronal or intestinal xbp-1s expression at both day 1 and day 4 (Figures 2Ci and  2Cii ). Muscle-specific polyQ 35 ::YFP was co-expressed with neuronal and muscle-specific xbp-1s, at both day 1 and day 4, expression of xbp-1s decreased polyQ 35 ::YFP fluorescence (Figures 2Di and 2Dii ). However, polyQ 35 ::YFP aggregate accumulation in muscles was unaffected by xbp-1s ( Figure 2Diii ). Loss of polyQ 35 ::YFP fluorescence, but not aggregation, suggests again that XBP-1s may preferentially reduce levels of more soluble, lower-molecular-weight forms of polyQ 35 . As animals are healthier ( Figure 1G ) despite having similar numbers of visible aggregates, we suggest that XBP-1s may reduce proteotoxicity primarily due to reduction in soluble proteotoxic species.
Neuronal and Intestinal xbp-1s Does Not Change Ab or PolyQ Transcript Levels Importantly, no reduction in polyQ::YFP or Ab 1-42 transcript levels were observed upon xbp-1s expression, confirming that changes in protein abundance are unlikely to arise from changes to transcription of these transgenes ( Figures S2A and S2B ). Although we cannot rule out changes to rates of translation, we hypothesize that reduced levels of proteotoxic species upon neuronal and intestinal xbp-1s expression may potentially be the result of increased misfolded protein clearance driven by xbp-1s.
Intestinal Genes Regulated by Neuronal xbp-1s Include Genes Involved in Lysosome Function
Given the profound effects of xbp-1s expression on proteotoxicity, we decided to explore the mechanisms by which xbp-1s might improve proteostasis. Neuronal and intestinal xbp-1s both protected against proteotoxic species in multiple tissues, while muscle-specific xbp-1s had only minor protective effects. Interestingly, xbp-1s expression in neurons and the intestine, but not muscle cells, extends longevity in C. elegans [6] . Neuronal xbp-1s expression leads to the communication of UPR ER activation to intestinal cells, through the release of a signal secreted by neurons. We therefore hypothesized that the intestine may be a key tissue through which xbp-1s activity coordinates organism-wide improvements in lifespan and proteostasis. To understand how communication of UPR ER activation to the intestine leads to these downstream effects, we decided to determine the transcriptional changes occurring in intestinal cells when xbp-1s is expressed in neurons. To do this, we adapted an existing C. elegans cellular dissociation protocol and a tissue-specific RNA-seq method previously used to determine transcriptional changes in neurons [20, 21] . GFP-labeled intestinal cells from wild-type and rab-3p::xbp-1s animals expressing ges-1p::GFP, an intestine-specific GFP marker [22] , were isolated from dissociated worm cells by fluorescence-activated cell sorting (FACS), and RNA-seq was used to identify transcripts altered by neuronal xbp-1s ( Figure S2C ). To validate our approach, we examined the levels of a range of transcripts in our intestinal samples. Confirming previous observations that neuronal xbp-1s-expressing animals upregulate xbp-1s activity in the intestine, we observed higher levels of xbp-1s transcripts in isolated intestinal cells from rab- 3p::xbp-1s animals compared to wild type ( Figure S2D ) [6] . Additionally, to confirm enrichment of intestine-specific relative to muscle-and neuron-specific transcripts, expression levels of tissuespecific genes from the Princeton ''Tissue-specific expression predictions for C. elegans'' database were examined; this demonstrated enrichment of intestinal transcripts ( Figure S2E ). Finally, qPCR was used to examine expression levels of intestinal, neuronal, hypodermal, and muscle-specific genes in our RNA samples, identifying significant enrichment of intestinal, and underrepresentation of other tissue-specific transcripts ( Figure S2F ). Comparison of transcripts in neuronal xbp-1s and control worms revealed broad transcriptional remodeling in the intestine, with 1,388 genes upregulated and 830 downregulated in neuronal xbp-1s animals ( Figures 3A and 3B ; Data S1). The gene ontology categories most enriched among these differentially regulated transcripts included the endoplasmic reticulum unfolded protein response, endoplasmic reticulum lumen, and protein processing in the endoplasmic reticulum, as expected ( Figure 3C ; Data S1). Upregulated genes included known UPR ER components such as xbp-1 and hsp-4, confirming that neuronal XBP-1s can trigger activation of the UPR ER in the intestine cell non-autonomously [6] .
However, several other gene classes were also differentially regulated, suggesting that the transcriptional landscape of the cell non-autonomous UPR ER extends beyond canonical UPR ER targets. Of these, a prominent upregulation of lysosomal genes stood out as a candidate mechanism for XBP-1s-mediated reductions in toxic protein levels, as lysosomes and autophagy have been implicated in clearance of protein aggregates ( Figures  3C and 3D ) [23] . qPCR analysis of a selection of these genes confirmed their upregulation in neuronal xbp-1s-expressing animals ( Figure 3E ). We also found that a majority of these lysosomal genes had putative XBP-1s binding sites in their promoters, suggesting that they may represent direct transcriptional targets ( Figure S3A ). Lysosomal genes upregulated by XBP-1s are involved in a range of lysosomal functions and include proteases, suggesting that increased lysosomal proteolysis might underlie the effects of XBP-1s on proteotoxicity (Figure 3D) . Interestingly, when we examined transcript levels of several of these lysosomal genes in short-lived animals expressing xbp-1s in muscle cells, we found that they were not increased-in fact, transcription of these lysosomal genes was reduced ( Figure S3B ), suggesting a correlation between lysosomal gene transcription and longevity. We therefore decided to explore the role of lysosomes in XBP-1s-mediated improvements to lifespan and proteostasis.
Lysosome Function Is Required for Extended Longevity and Protection against Proteotoxicity by Neuronal xbp-1s
To determine whether lysosome function is required for the long lifespan of rab-3p::xbp-1s animals, we used RNAi to knock down LMP-1, a homolog of mammalian LAMP1, which localizes to the membranes of lysosomes (and some endosomal vesicles), thus inhibiting lysosome function. Lmp-1 knockdown suppressed the extended lifespan of rab-3p::xbp-1s worms, while longevity of N2 animals was unaffected ( Figure 4Ai ; Table S1 ). We also knocked down another lysosomal gene, encoding the lysosomal membrane-localized mucolipin CUP-5. Again, RNAi against cup-5 significantly suppressed rab-3p::xbp-1s-associated lifespan extension, while N2 lifespan was unchanged ( Figure 4Aii ; Table S1 ). RNAi against two lysosomal genes identified by RNA-seq analysis, the vacuolar ATPase subunit vha-18 and the aspartyl protease asp-3, caused small but significant reductions to the longevity of rab-3p::xbp-1s animals, suggesting that xbp-1s-mediated induction of these genes may contribute to extended lifespan (Figures 4Aiii-4Aiv ; Table S1 ). In contrast, knockdown of four autophagy mediators, bec-1, vps-34, atg-13, and atg-18, did not reduce longevity in animals expressing neuronal xbp-1s; in fact, lifespan was sometimes slightly extended in these animals ( Figure 4B ). This suggests, surprisingly, a role for lysosomes downstream of xbp-1s that may be independent of canonical macroautophagy.
We also knocked down lysosomal genes in animals expressing neuronal Ab 1-42 and polyQ 40 . Lysosomes therefore play an important role in protection against neuronal proteotoxicity provided by neuronal and intestinal xbp-1s. Knockdown of the autophagy genes bec-1, vps-34, atg-13, and atg-18, however, had little to no effect on chemotaxis in these animals, suggesting that macroautophagy is not required for this protection (Figures S4A and S4B ). To rule out the possibility that our autophagy gene RNAi clones were ineffective at inhibiting autophagy, we quantified autophagosome formation in animals expressing the C. elegans Atg8 ortholog LGG-1 tagged with GFP, upon RNAi against genes involved in autophagy. Using knockdown of the insulin-like receptor daf-2 
Graphs were plotted as Kaplan-Meier survival curves, and p values were calculated by Mantel-Cox log-rank test; N = 80-120 animals per lifespan. (i) N2, control (black), median lifespan 19 days; N2, lmp-1 (gray), median lifespan 21 days, p = 0.8860; rab-3p::xbp-1s, control (green), median lifespan 23 days; rab-3p::xbp-1s, lmp-1 (blue), median lifespan 21 days, p < 0.0001. (ii) N2, control (black), median lifespan 21 days; N2, cup-5 (gray), median lifespan 21 days, p = 0.0950; rab-3p::xbp-1s, control (green), median lifespan 25 days; rab-3p::xbp-1s, cup-5 (blue), median lifespan 21 days, p < 0.01. (iii) N2, control (black), median lifespan 17 days; N2, vha-18 (gray), median lifespan 17 days, p = 0.8118; rab-3p::xbp-1s, control (green), median lifespan 25 days; rab-3p::xbp-1s, vha-18 (blue), median lifespan 23 days, p < 0.0001. (iv) N2, control (black), median lifespan 21 days; N2, asp-3 (gray), median lifespan 21 days, p = 0.9913; rab-3p::xbp-1s, control R (green), median lifespan 25 days; rab-3p::xbp-1s, asp-3 (blue), median lifespan 23 days, p < 0.001. (B) Lifespan analysis of rab-3p::xbp-1s animals grown on control (empty vector) and xbp-1 RNAi, as well as RNAi against autophagy genes: Figure S4 and Table S1 . to induce autophagosome formation, combined with RNAi against autophagy genes, we found that autophagosome formation was significantly suppressed in animals grown on RNAi against bec-1, vps-34, atg-13, or atg-18, confirming that these treatments effectively inhibit autophagy ( Figure S4C ).
Intestinal Knockdown of Lysosomal Genes Suppresses Lifespan Extension and Protection against Proteotoxicity by xbp-1s
Neuronal xbp-1s expression activates the UPR ER in the intestine, leading to upregulation of lysosomal genes in this tissue (Figure 3 ) [6] . In addition, expression of xbp-1s only in intestinal cells is sufficient to protect against proteotoxicity in multiple tissues. We therefore wondered whether intestine-specific knockdown of lysosomal genes would affect the ability of neuronal xbp-1s to extend lifespan and protect against proteotoxicity. To address this, we used an rde-1(n219) mutation that prevents effective RNAi, coupled with replacement of rde-1 only in intestinal cells [24, 25] . Intestine-specific rde-1 expression utilized the nhx-2p promoter; however, because these animals were somewhat short lived, we also used animals in which rde-1 was replaced in both the intestine and germline (but no additional somatic tissues) using the mex-5p promoter [26] . First, we established that rab-3p::xbp-1s animals were still long lived in an rde-1(n219) mutant background and when rde-1 was expressed under either intestinal promoter ( Figures S5Ai-S5Aiii ; Table S1 ). We then confirmed that xbp-1 RNAi did not shorten the lifespan of rab-3p::xbp-1s; rde-1(n219) animals ( Figure S5Aiv ; Table S1 ). However, when rde-1 expression was rescued only in the intestine, xbp-1 RNAi was able to significantly reduce longevity (Figure 5Ai) . Likewise, intestinal knockdown of the lysosomal genes lmp-1, vha-18, and asp-3 in rab-3p::xbp-1s; rde-1(n219); nhx-2p::rde-1 animals also significantly reduced lifespan, demonstrating that intestinal lysosome function is required for extended longevity upon neuronal xbp-1s expression (Figures 5Aii-5Aiv ; Table S1 ). The same effects were seen in animals expressing rde-1 under the mex-5 promoter ( Figure S5B ; Table S1 ). Next, we asked whether intestinal knockdown was sufficient to abrogate neuronal xbp-1s-mediated protection against proteotoxicity in animals expressing neuronal Ab 1-42 or polyQ 40 . We found that intestinal xbp-1 or lmp-1 knockdown prevented rescue of chemotaxis by neuronal and intestinal xbp-1s expression in both models ( Figures 5B and 5C ), suggesting that the activity of lysosomes in the intestine is important to the protection against proteotoxicity mediated by neuronal or intestinal xbp-1s. Finally, to determine whether xbp-1s in the intestine is required for upregulation of lysosomal gene targets in this tissue, we used qRT-PCR in rab-3p::xbp-1s; rde-1(n219); nhx-2p::rde-1 animals to ask whether intestine-specific knockdown of xbp-1 altered expression of lysosomal genes. Indeed, intestine-specific xbp-1 RNAi was sufficient to prevent upregulation of several lysosomal transcripts in these animals ( Figure S5C ).
HLH-30 Is Necessary for Lifespan Extension and Protection against Proteotoxicity by xbp-1s
The C. elegans homolog of the TFEB transcription factor, HLH-30, is required for lysosomal biogenesis and activation [27, 28] . We found that several of the lysosomal genes upregulated in xbp-1s-expressing animals had predicted HLH-30binding CLEAR domains in their promoters ( Figure S3A ) and therefore asked whether HLH-30 was required for neuronal xbp-1s to extend lifespan. We found that hlh-30 knockdown substantially reduced longevity in rab-3p::xbp-1s animals ( Figure 5D ; Table S2 ). Indeed, intestine-specific RNAi against hlh-30 was sufficient to abolish lifespan extension, and adult-only intestinal knockdown of either hlh-30 or xbp-1, by transfer of day 1 adults to RNAi, was again sufficient to reduce longevity (Figures S6A-S6C; Table S2 ).
We also asked whether RNAi against hlh-30 could abolish xbp-1s-mediated protection against proteotoxicity. Again, rescue of chemotaxis by xbp-1s was substantially reduced by hlh-30 knockdown in both Ab 1-42 and polyQ 40 models, confirming that functional lysosomes are required for improved proteostasis ( Figure 5E ). Intestine-specific knockdown of hlh-30 prevented induction of lysosomal genes in rab-3p::xbp-1s animals ( Figure S5C ). However, unlike starvation, a known HLH-30-activating stimulus, neuronal xbp-1s did not induce nuclear localization of HLH-30:GFP, suggesting that xbp-1s may not directly activate HLH-30 but may instead rely on its basal roles in lysosome biogenesis and activity ( Figure S6D ).
Lysosomes Are Required for xbp-1s-Induced Reductions in PolyQ Levels
Expression of xbp-1s in the intestine or nervous system of C. elegans reduces levels of toxic proteins expressed in multiple tissues. To determine whether lysosomes are required for this reduction, lmp-1 was knocked down in worms expressing neuronal and intestinal polyQ 40 concurrently with neuronal or intestinal xbp-1s, and polyQ 40 ::YFP levels determined by native PAGE. Upon xbp-1s expression, polyQ 40 levels were reduced; however, upon lmp-1 knockdown, this effect was diminished ( Figure 6A ), suggesting that lysosomes may be involved in XBP-1s-mediated polyQ 40 degradation. and grown on control (empty vector) or lmp-1 RNAi. Lysates containing total proteins were resolved under native conditions and blotted with an anti-polyQ antibody. Tubulin levels were probed with a-a-tubulin as a loading control. Data are representative of at least 3 independent experiments. Quantification of (iii) neuronal or (iv) intestinal polyQ 40 ::YFP was conducted using ImageJ. Graphs represent mean band intensity relative to day 1 polyQ ± SD. Statistical significance was assessed between control and lmp-1 for each genotype and time point, using two-way ANOVA with Tukey's multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) (i) Representative confocal images of the intestine of animals expressing LMP-1::GFP, with and without rab-3p::xbp-1s. Animals were grown on OP50 and imaged at days 2 and 5 of adulthood. Imaging was performed at X63 magnification. Scale bar, 10 mm.
(legend continued on next page)
Neuronal xbp-1s Increases Lysosomal LMP-1 Labeling As xbp-1s expression increases transcription of lysosomal genes, and lysosome activity is required for clearance of toxic species, we asked whether the number of lysosomes in intestinal cells was increased by neuronal xbp-1s expression. To do this, we used animals expressing GFP-tagged LMP-1 to label lysosomes [29] . When LMP-1::GFP was combined with rab-3p::xbp-1s, a small increase in lysosome number was observed (Figures 6Bi and 6Bii) , while when we examined animals expressing LGG-1 tagged with GFP, we found that there was no increase in number of GFP::
LGG-1-labeled intestinal autophagosomes in animals expressing neuronal xbp-1s ( Figure S6E ) [30] . Furthermore, when we measured the GFP fluorescence intensity of individual LMP-1::GFP-labeled lysosomes, we found a significant increase in LMP-1 labeling in rab-3p::xbp-1s nematodes (Figures 6Bi and 6Biii ). This might suggest an increase in LMP-1 recruitment to lysosomes and led us to speculate that their activity may be altered by neuronal xbp-1s.
Neuronal xbp-1s Increases Lysosomal Acidity
Measures of autophagic flux in C. elegans suggest a decline in lysosomal activity with age [31] . The activity of lysosomes depends on their acidity, which is necessary for the activity of lysosomal hydrolases. We therefore asked whether neuronal xbp-1s could increase or preserve lysosomal acidity with age. To explore this, we utilized a technique to sensitively measure lysosomal acidity in the proximal intestine of the worm [32] . Using carboxy-2',7'-dichlorofluorescein diacetate (cDCFDA), which is hydrolyzed to fluorescent cDCF in acidic conditions, we found that neuronal xbp-1s significantly increases the acidity of intestinal lysosomes, particularly as animals age; at day 2, and especially at day 5 of adulthood, lysosomes of rab-3p::xbp-1s animals were significantly more acidic, and larger, than those in wild-type worms ( Figure 7A ). While tissue-specific promoters may lose some specificity from day 5 [33] , we were reassured by the observation that increased acidity was already present at day 2. Greater activity of lysosomal protein hydrolases in rab-3p::xbp-1s animals was also observed-while activity declined between day 2 and 5 in wild-type animals, it increased significantly in rab-3p::xbp-1s nematodes ( Figure 7B ). To ensure that cDCFDA was truly detecting changes to lysosomal acidity, we confirmed that RNAi against daf-2 increased acidity-dependent staining of lysosomes, as expected, and that knockdown of the downstream transcription factor daf-16 reduced acidity ( Figure S7A ). In addition, staining was reduced by knockdown of two subunits of the acidifying vacuolar ATPase, vha-2 and vha-8 ( Figure S7B ). We then asked whether RNAi against the vacuolar ATPase subunit upregulated by xbp-1s, vha-18 also suppressed lysosomal acidity. We found that, indeed, vha-18 knockdown reduced lysosomal acidification in rab-3p::xbp-1s animals, suggesting that elevated levels of this subunit might be a mechanism by which xbp-1s orchestrates higher lysosomal acidity and activity ( Figure 7C) . This difference in lysosome acidity was also apparent in animals expressing neuronal polyQ 40 . Background intestinal fluorescence was substantially increased in these animals, possibly reflecting an increase in overall cellular acidity; this increase, as well as the acidity of lysosomes, was lost by day 5 of adulthood but was significantly increased in animals expressing neuronal xbp-1s, suggesting a mechanism for improved polyQ clearance ( Figure S7C ).
To confirm these findings, we stained intestinal lysosomes with LysoTracker, another pH-dependent dye. Lysosomal staining was again increased in animals expressing neuronal or intestinal xbp-1s at both day 2 and particularly at day 5 of adulthood; neuronal polyQ 40 was also associated with age-dependent collapse in lysosomal acidity and number, rescued by coexpression of neuronal or intestinal xbp-1s ( Figures S7D and  S7E) . Similarly, muscle-specific polyQ 35 decreased number and staining of intestinal lysosomes by day 5, rescued by expression of neuronal but not muscle-driven xbp-1s ( Figure S7F ). Together, these results confirm that xbp-1s expression in neurons or the intestine increases the acidity of intestinal lysosomes, rescuing the decline seen with age and in animals expressing misfolded proteins.
Neuronal xbp-1s Promotes Maturation of Autophagosomes to Autolysosomes Finally, we asked whether xbp-1s expression was able to promote the maturation of autophagosomes to autolysosomes. To address this, we used a tandem tag reporter, with GFP and mCherry conjugated to LGG-1 [31] . Autophagosomes are labeled with both GFP and mCherry, while the acidification associated with maturation of autophagosomes into autolysosomes quenches GFP, so that autolysosomes are only labeled with mCherry. Using this system, we observed a striking enrichment in autolysosomes at day 2 and especially at day 5 in neuronal xbp-1s animals, while autophagosome number decreased in older animals ( Figure 7D ). This suggests that autolysosomes are more prevalent, while autophagosome turnover may be increased, in xbp-1s-expressing animals, which would be consistent with increased function of the lysosomal compartment. Together, these results suggest that xbp-1s transcriptionally activates lysosomes in the intestine of C. elegans, leading to improved clearance of proteotoxic species and increased longevity ( Figure 7E ).
DISCUSSION
In this work, lysosomes are identified as a key organelle mediating the downstream effects of cell non-autonomous UPR ER activation. Expression of xbp-1s in neurons or the intestine improves proteostasis across tissues, suppressing the toxicity associated with aggregation-prone proteins by reducing levels of toxic species. This is accompanied by increased transcription of lysosomal genes in the intestine and increases in lysosomal (ii) Quantification of lysosome number. LMP-1::GFP-positive punctae were counted in 10-15 worms per genotype at day 2 and day 5 of adulthood using ImageJ, from 3 independent biological replicates. Statistical analysis was carried out using one-way ANOVA with Tukey's multiple comparisons test, *p < 0.05. (iii) Quantification of lysosomal LMP-1::GFP labeling. Fluorescence intensity of LMP-1::GFP per lysosome was quantified using ImageJ in 10-15 worms per genotype, at day 2 and day 5 of adulthood, in 3 biological replicates. Statistical significance was calculated using one-way ANOVA with Tukey's multiple comparisons test, **p < 0.01, ****p < 0.0001. See also Figure S6 . acidity and protease activity as animals age. Lysosome function is involved in the striking clearance of misfolded proteins seen when xbp-1s is expressed in neurons or the intestine and is required for XBP-1s-mediated improvements in proteostasis and lifespan.
This suggests that lysosomes are important in guarding against proteotoxicity. Indeed, existing evidence suggests that lysosomes play roles in the onset and progression of neurodegenerative diseases associated with protein aggregation [34] . Mutations in lysosomal components have been identified in patients with diseases including Parkinson's and Alzheimer's, and studies of disease-associated proteins in model systems have found that lysosomes are required to prevent onset of proteotoxicity and propagation of protein aggregates between cells [35] [36] [37] [38] [39] . Additionally, treatments that activate lysosomes, including overexpression of the lysosome-regulating transcription factor TFEB, increase clearance of disease-associated proteins in cellular and mouse models [39] [40] [41] [42] [43] . The UPR ER has also been implicated in the onset and development of neurodegenerative disease, although the roles it plays in these processes are complex and sometimes disputed [44] . Our results suggest that the UPR ER might influence neurodegenerative disease progression through effects on the activity of lysosomes, and consequently the clearance of toxic protein species.
In addition, our study shows that XBP-1s may preferentially reduce levels of soluble species in contexts in which it is protective against proteotoxicity. In neurodegenerative disease, the presence of protein aggregates has been long associated with pathology. However, more recently the role of large protein aggregates in disease progression has been questioned, as an increasing body of work suggests that high molecular weight aggregates may perform protective roles in cells by sequestering more toxic lower-molecular-weight species that are thought to be the main agents of cellular damage [16, 45, 46] . Our findings may therefore support the view that reducing soluble species, rather than insoluble aggregates, is of primary importance in reducing age-associated toxicity.
The communication of UPR ER activation observed in C. elegans using the hsp-4p::GFP reporter strain occurs specifically between neurons and the intestine, in a unidirectional manner dependent upon neuron-specific secretion [6] , and it is XBP-1s expression in these two tissues that leads to extended lifespan and improved proteostasis. Muscle-specific xbp-1s does not improve longevity [6] and has only limited beneficial effects on proteostasis. Our results suggest that tissue-specific differences in the genes targeted by XBP-1s may underlie these different effects; muscle-specific xbp-1s expression reduces, rather than increases, transcription of lysosomal genes, suggesting a reason for the shorter lifespan of these animals compared to those expressing xbp-1s in other tissues.
Conversely, we show here that intestinal xbp-1s and intestinal lysosomes play a key role in the beneficial effects of UPR ER activation. Intriguingly, the protection against proteotoxicity afforded by intestinal xbp-1s and lysosome activation extends to misfolded proteins expressed across tissues. One possibility is that intestinal xbp-1s triggers a signaling event that activates lysosomes in other tissues. How?
Potentially, XBP-1s might directly promote transcription of a lysosome-activating signaling molecule in the intestine, which could then be released through the secretory pathway. Alternatively, activation of lysosomes in this tissue might give rise to a lysosomal signaling event. As well as catabolism, lysosomes play substantive roles in cellular signaling pathways [34] . mTOR, which regulates autophagy as well as other cellular processes, localizes to the lysosomal membrane, and mTOR signaling involves crosstalk with TFEB [47] . In addition, lysosomes can release molecules into the external environment through lysosome-mediated exocytosis, which regulates a variety of physiological processes [48] [49] [50] . They also play roles in lipid signaling pathways that modulate aging-lysosomal lipases can release lipid-derived molecules able to mediate nuclear responses that promote longevity [51] . Future work to measure the number and pH status of lysosomes in tissues other than the intestine would confirm directly whether lysosome activation is achieved throughout the organism following intestinal UPR ER activation. The identification of such a lysosome-activating signaling pathway would then be of great interest.
Lysosome activity is critical for extension of longevity by neuronal xbp-1s. Fusion with lysosomes is the end point of autophagy, and a wealth of data links autophagy to aging and neurodegeneration [52, 53] . However, we do not observe a requirement for autophagy genes in xbp-1s-mediated lifespan extension. Some evidence already suggests that, as here, lysosomes may play autophagy-independent roles in aging and proteostasis. In the C. elegans germline, for example, rejuvenation of the proteome and clearance of aggregates depends upon the lysosome, without a requirement for autophagy. Similarly, prevention of protein aggregate seeding and spreading in the worm depends on lysosomes, but not autophagosomes [39, 54] .
Lysosomes have been shown to decline in function with age; measures of autophagic flux in C. elegans suggest age-dependent deterioration in lysosome activity, and, in yeast, age-associated decline in the acidity of the lysosome-like vacuole limits lifespan; preventing this decline extends longevity [31, 55] . Vacuolar acidity is increased by caloric restriction, leading to lifespan extension, and acidic vacuoles are restored in daughter cells upon budding, renewing lifespan [55] . In C. elegans oocytes, sperm trigger the acidification of lysosomes through the activation of the vacuolar H + -ATPase, clearing protein aggregates and renewing the proteostasis state of the cell [54] .
This accumulating evidence suggests that vacuolar or lysosomal acidification could act as a molecular ''switch'' to rejuvenate the proteome of cells and restore youthfulness. Our results indicate that xbp-1s may be able to activate this lysosomal switch through physiological inter-tissue signaling. Understanding the nature of these signals, both those that communicate UPR ER activity between neurons and the intestine, and those that may communicate lysosomal activation between the intestine and other tissues, is now an important goal for research into aging and neurodegeneration. 
STAR+METHODS KEY RESOURCES

EXPERIMENTAL MODEL AND SUBJECT DETAILS
C. elegans maintenance and RNAi knockdown C. elegans strains were maintained at 20 C on nematode growth medium (NGM) plates seeded with OP50 bacteria unless otherwise stated [56] . For feeding RNAi experiments either L4440 empty vector or the designated RNAi bacteria was used [57] . Plates for RNAi analysis were prepared by supplementation of agar with 100 mg/mL carbenicillin and 1mM IPTG after autoclaving. 24 hours prior to each assay plates were spotted with 100 mL of overnight bacterial culture. Where dual RNAi knockdown was performed, equal volumes of two cultures normalized to equivalent OD 600 were mixed before plates were seeded.
METHOD DETAILS
Chemotaxis assays Animals were synchronized by timed egg lay on 55 mm NGM plates. Chemotaxis assays were conducted at day 1 of adulthood as described (section 4.4 of [58] ). Briefly, animals were raised on OP50 or designated RNAi bacteria until day 1 of adulthood, when they were collected and washed three times using M9 buffer, with worms settled between washes by gravity. Assay plates were prepared using a 1 mL spot of ethanol (solvent spot) and a 1 mL spot of chemo-attractant, 1:100 benzaldehyde (target spot) on opposite sides. 1 mL of sodium azide (50mM) was added to solvent and target spots once dried. Worms were dispensed at the center of the plate and animals kept in the dark for 60 min at room temperature before worms at each spot were counted. Chemotaxis indices were then calculated as (# worms at target spot -# worms at vehicle spot)/total number of worms on the plate. Indices were reported as À1 to 1, where 1 indicates that 100% of animals have arrived at the target spot. All assays were repeated at least 3 times, and significance was assessed by one-way ANOVA with Tukey's multiple comparisons test.
Paralysis assays
Eggs were isolated by bleaching and allowed to develop on a bacterial lawn. At the L4 larval stage, individual nematodes were picked and transferred to 55mm NGM plates seeded with OP50. Paralysis was evaluated daily from day 1 to day 12 of adulthood and scored by touching the animal's nose with a platinum wire. Worms able to move the head but not the rest of the body were scored as paralyzed [16] . Dead animals or those with other phenotypes (e.g., vivipary) were censored from the analysis. All assays were performed with at least 100 animals and repeated at least 3 times.
Osmoregulatory assays
Age-matched animals were grown at 20 C. At day 1 of adulthood, worms were placed into a drop of distilled water for 5 minutes, after which animals with a swollen, fluid-filled shape were scored as osmoregulation defective (Osm), as described [15] . All assays were replicated 3 times and significance was assessed by two-way ANOVA with Tukey's multiple comparison.
Motility assays
Animals were synchronized by timed egg lay and grown to adulthood on OP50 or RNAi bacteria. 10-15 day 1 or day 4 adult worms of each genotype were transferred to a 24-well dish containing 700 mL of M9 buffer and allowed to settle for 1 minute, after which each well was filmed for 30 s at a frame rate of 15 fps. Movies were analyzed manually to assess thrashing rate. Each assay was repeated 3 times and significance assessed by one-way ANOVA with Tukey's multiple comparisons test.
F-actin staining
Synchronized worms were freeze cracked to permeabilize the cuticle at day 5 of adulthood. Staining was performed using AlexaFluor 546-Phalloidin to visualize F-actin in body wall muscles, as described (section 2.6 of [59] ; section 2.3 of [60] ) in 3 independent biological replicates.
Fluorescence microscopy
Micrographs of worms were acquired using a Leica M205 FA microscope and LAS X software. 5-10 animals were anesthetized using levamisole (25 mM) or sodium azide (50 mM) prior to imaging. All fluorescence microscopy analysis was independently replicated at least 3 times.
Confocal microscopy
For live microscopy nematodes were mounted on a 2% agarose pad and anesthetized using levamisole (25 mM). For HLH-30::GFP animals, sodium azide (50 mM) was used to avoid the effects of levamisole on nuclear localization of HLH-30. Fixed animals were prepared as described for F-actin staining. Images were acquired using a Zeiss LSM 710 confocal microscope using the 20x air, or 40x and 63x oil immersion objectives. A single section was acquired for all imaging and the pinhole used was 1 AU for optimal section thickness using the smart setup function. Image analysis utilized ImageJ or Fiji. For tandem-tagged nematodes, confocal microscopy was performed as described [31] , where the Z-position was selected so that nuclei were clearly in focus in Quantitative RT-PCR Total RNA was extracted as described above and 2 ng of purified RNA was used for cDNA synthesis using a QuantiTect reverse transcription kit. SYBRGreen quantitative RT-PCR was performed using either the Corbett system and following the Rotor-Gene 6000 Series Software manual, or a Vii7 Real-Time PCR (ThermoFisher Scientific). Data from 3 biological repeats were analyzed using the comparative 2DDCt method. Significance was assessed by one-way ANOVA with Dunnett's multiple comparisons test.
Lifespan analysis
Lifespan analyses were performed at 20 C and were repeated at least twice. Typically, a minimum of 100 animals was used per condition, and worms were scored for viability every second day, from day 1 of adulthood (treating the pre-fertile day preceding adulthood as t = 0). Lifespans were performed on E. coli OP50, unless otherwise indicated, and animals were treated with 100 mg/mL FUDR at t = 0 and again at day 5 of adulthood, to avoid issues associated with early death through vivipary (''bagging'') in rab-3p::xbp-1s animals. Prism 7 software was used for statistical analysis, and significance calculated using the log-rank (Mantel-Cox) method.
Quantification of lysosomes RT258 and RCT103 worms expressing LMP-1::GFP were used to quantify the number of fluorescently-labeled lysosomes in the intestine of 10-15 animals per genotype from 3 independent biological replicates. ImageJ was used to analyze the data by counting numbers of LMP-1::GFP positive punctae. Fluorescence intensity of LMP-1::GFP punctae was also quantified at each time point and xbp-1s-expressing animals normalized to LMP-1::GFP alone. Quantification was performed using the oval-shaped selection tool to select the region of interest (ROI). GFP intensity was then quantified using the Measure function and background fluorescence intensity subtracted prior to normalization. Statistical analysis was carried out using a one-way ANOVA with Tukey's multiple comparisons test.
Quantification of autophagosomes DA2123 and RCT104 worms expressing GFP::
LGG-1 were used to quantify the number of autophagic vesicles in the intestine of 10-15 animals per genotype from 3 independent biological replicates. At days 2 and 5 of adulthood the total number of GFP::
LGG-1 positive punctae was counted in the anterior section of the intestine. Data was analyzed using ImageJ and statistical analysis carried out using a one-way ANOVA with Tukey's multiple comparisons test
Lysosome acidity assays
To measure lysosomal acidity, the fluorescent pH-sensitive dye cDCFDA (5(6)-carboxy-2 0 ,7'-dichlorofluorescein diacetate), which converts to cDCF (5-(6)-carboxy-2 0 ,7'-dichlorofluorescein) through hydrolysis, was fed to live worms [32] . Animals were agematched and grown on OP50 until day 1 or 4 of adulthood, then transferred to assay plates prepared by the addition of 100 mL of freshly prepared cDCFDA (10 mM) to a fresh lawn of OP50 bacteria in a 2cmx2cm patch. Plates were then kept in the dark to absorb dye into the agar/bacterial patch. Single worms picked onto assay plates were allowed to feed on the bacteria/cDCFDA patch for at least 16 hours prior to imaging the anterior section of the intestine, in 5-10 animals per genotype from 3 replicates. Data was analyzed using ImageJ, and statistical analysis carried out using a one-way ANOVA with Tukey's multiple comparisons test, similarly to the intensity quantification of LMP-1::GFP.
LysoTracker staining C. elegans were grown from hatch to day 2 and 5 of adulthood on OP50-or RNAi bacteria-seeded plates containing 25 mM LysoTracker DeepRed or an equivalent volume of DMSO. Worms were then imaged by confocal microscopy, using 8-10 animals per genotype and 3 independent biological replicates; quantification was carried out using ImageJ, and statistical analysis conducted by one-way ANOVA with Tukey's multiple comparisons test.
Protease activity assays
Enzymatic activity of lysosomal proteases was determined using an Abcam fluorometric assay kit. Age-matched worms were grown on OP50 and lysed at day 2 and 5 of adulthood. Total proteins were extracted as described previously and protein concentration quantified and normalized. After adjusting volumes to 50 mL/well, 50 mL of reaction buffer was added per well followed by 2 mL of 10mM substrate (Ac-RR-AFC). Samples were incubated at 37 C for 1-2 hours and protease activity assessed using a fluorescent microplate reader (TECAN) at Ex/Em = 400/505 nm. All assays were prepared in triplicate and repeated 3 times independently, and statistical analysis carried out using a one-way ANOVA with Tukey's multiple comparisons test.
Tandem quantification of autophagosomes and autolysosomes MAH215 worms expressing mCherry::GFP::
LGG-1 were used to quantify the number of fluorescently-labeled autophagosomes and autolysosomes in the intestine of 10-15 animals per genotype from 3 independent biological replicates. ImageJ was used to analyze the data by counting numbers of mCherry::GFP positive autophagosomes, and mCherry positive autolysosomes. Statistical analysis was carried out using a one-way ANOVA with Tukey's multiple comparisons test.
